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Available online 20 December 2013The small brown planthopper (SBPH), Laodelphax striatellus Fallén (Homoptera: Delphacidae), is
a serious pest of rice (Oryza sativa L.) in China. To understand the mechanisms of rice
resistance to SBPH, defense response genes and related defense enzymes were examined in
resistant and susceptible rice varieties in response to SBPH infestation. The salicylic acid (SA)
synthesis-related genes phenylalanine ammonia-lyase (PAL), NPR1, EDS1 and PAD4 were
induced rapidly and to a much higher level in the resistant variety Kasalath than in the
susceptible cultivarWuyujing 3 in response to SBPH infestation. The expression level of PAL in
the Kasalath rice at 12 h post-infestation (hpi) increased 7.52-fold compared with the
un-infested control, and the expression level in Kasalath was 49.63, 87.18, 57.36 and 75.06
times greater than that in Wuyujing 3 at 24, 36, 48 and 72 hpi, respectively. However, the
transcriptional levels of the jasmonic acid (JA) synthesis-related genes LOX and AOS2 in
resistant Kasalath were significantly lower than in susceptible Wuyujing 3 at 24, 36, 48 and
72 hpi. The activities of the defense enzymes PAL, peroxidase (POD), and polyphenol oxidase
(PPO) increased remarkably in Kasalath in response to SBPH infestation, and were closely
correlated with the PAL gene transcript level. Our results indicated that the SA signaling
pathway was activated in the resistant Kasalath rice variety in response to SBPH infestation
and that the gene PAL played a considerable role in the resistance to SBPH.
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is a serious sap-sucking pest of rice (Oryza sativa L.) in China and
other parts of East Asia extending to Indonesia, the Philippines
and Vietnam. Leaves infested by SBPH turn yellow, become
wilted, and even die, resulting in yield loss and quality reduction.
Furthermore, the SBPH also transmits rice viral diseases such as
Rice stripe virus (RSV) and Rice black-streaked dwarf virus (RBSDV),
which often cause major additional yield losses apart from just
the damage by the insect itself [1–3]. Currently, pesticides are
widely used to control the SBPH, but this leads to the death of
natural enemies, environmental pollution, chemical resis-
tance and resurgence [4]. Therefore, host-plant resistance
has been recognized as one of the most economic, effective
and environmentally-friendly measures for controlling
SBPH [5,6].
Plant responses to herbivores are regulated through a
complex network of signaling pathways that involve three
signaling molecules: salicylic acid (SA), jasmonic acid (JA) and
ethylene (ET) [7,8]. Generally, the JA pathway is considered to be
required for defense against necrotrophic pathogens and
chewing insects, while the SA pathway is involved in a wide
range of plant defense responses [9–11]. Herbivore feeding
behaviors primarily involve chewing and sucking. The beet
armyworm (Spodoptera exigua Hübner) is a typical chewing
pest, whose herbivory can cause large scale leaf damage.
Some elicitors such as volicitin from beet armyworm oral
secretions can provoke defense reactions to wounding
mediated by the JA signaling pathway [12,13]. Sucking
insects such as phloem-feeding whiteflies and aphids that
cause little injury to plant foliage are perceived as patho-
gens and primarily activate SA-dependent and to a certain
extent JA/ET-dependent signaling pathways [7,14,15].
Plant defense is usually induced when subjected to patho-
gens, insects or wounding. Induced resistance can be split
broadly into systemic acquired resistance (SAR) and induced
systemic resistance (ISR). SAR develops systemically in response
to, for example, pathogen infection or treatment with certain
chemicals (e.g., 2,6-dichloroisonicotinic acid). This acquired
resistance is effective against a wide range of pathogens
and is mediated by a SA-dependent process [16]. For SAR, many
plant enzymes are involved in defense reactions against biotic
stresses. Phenylalanine ammonia-lyase (PAL) is the first enzyme
of the phenylpropanoid pathway and is involved in the biosyn-
thesis of phenolics, phytoalexins, and lignins, which increase
plant resistance [17,18]. Oxidative enzymes such as peroxidase
(POD) and polyphenol oxidase (PPO) catalyze the formation
of lignin and other oxidative phenols that contribute to the
formationofdefensebarriers for reinforcing thecell structure [19].
Therefore, defense enzymes suchas PAL, PPOandPODare tightly
correlated with resistance to pests [20].
Currently, information about rice defense response mecha-
nisms to SBPH, a typical phloemsap-sucking pest, is very limited.
Therefore, elucidating the interaction between rice and SBPH
would be helpful to understand the molecular basis for plant
resistance to sap-sucking insects. In thispaper, real-timePCRwas
used to analyze differential expression of genes involved in the
SA- and JA/ET-mediated defense pathways at different timepoints when resistant and susceptible rice plants were infested
by SBPH. Defense enzyme activities were also assayed after SBPH
feeding.2. Materials and methods2.1. Rice varieties and insect infestation
An indica rice variety, Kasalath, and a japonica cultivar,
Wuyujing 3, were selected for their high resistance and
susceptibility to SBPH with the resistance scales of 2.0 and
9.0, respectively [21]. Seeds for these varieties were provided
by the Institute of Crop Science at the Chinese Academy of
Agricultural Sciences.
The SBPH population used for infestation was originally
collected from a rice field in Nanjing, China, and had been
maintained on barley in a greenhouse for four generations
before being transferred toWuyujing 3 rice in the greenhouse of
the Institute of Crop Science, Chinese Academy of Agricultural
Sciences, Beijing, China. The SBPH population was confirmed
to be non-viruliferous by dot-immunobinding assay and PCR
detection [21].
Twenty-five germinated seeds were sown in a plastic pot
of 10 cm-diameter and 9 cm-height with a hole in the base.
A total of 24 pots were randomly placed in a 65 cm ×
44 cm × 14 cm plastic seed-box. All seeds and seedlings for
testing were incubated at 26 ± 1 °C with sunlight and natural
ventilation. About 2-cm of water level was maintained in the
seed-box.
At the 3-leaf stage, the seedlings were infested with second
to third instar SBPH nymphs that were starved for 2 h prior to
infestation. The rate of infestation was 20 insects per seedling.
Rice leaves were collected for RNA extraction at 12, 24, 36, 48
or 72 h post infestation (hpi). Leaves without SBPH infestation
were used as a control.
2.2. Isolation of total RNA and first-strand cDNA synthesis
Total RNA was extracted with RNAprep Plant kits (Tiangen
Corporation, China), and then treated with RQ1 RNase-Free
DNase (Promega, USA) before reverse transcription (RT).
First-strand cDNA was synthesized using M-MLV Reverse
Transcriptase kits (Promega).
2.3. Real-time quantitative PCR
Real-time quantitative PCR was performed using an ABI PRISM
7300 cycler (Bio-Rad Corporation, USA) with a SYBR Premix
(SYBRGreen) PCRkit (Tiangen). Theprimer pairs listed in Table 1
were used to amplify the corresponding 11 genes of interest.
Amplification reactions were carried out in a 20 μL volume
mixture containing 10 μL of 2 × SuperReal Premix, 0.2 μmol L−1
of each primer, 20 ng of DNA template, 2 μL of 50 × ROX
Reference Dye and 6.2 μL of RNase-Free ddH2O. Template
denaturation was conducted for 15 min at 95 °C, followed by
40 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C
for 30 s and extension at 72 °C for 40 s. Each sample was
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each polymerization step. The relative expression of genes
was calculated by the 2−ΔΔCT method [22] using the equation
ΔΔCT = (CT, Target − CT, Actin)Time x − (CT, Target − CT, Actin)Time 0,
where x represents the time points of 12, 24, 36, 48 and 72 h
for SBPH infestation [23].
2.4. Defense enzyme activity assay
PAL activity assays were conducted according to the method of
Qin andTian [24]. Three gramsof rice leafwashomogenizedwith
30 mL of 50 mmol L−1 sodium borate buffer (pH 8.8, containing
5 mmol L−1 β-mercaptoethanol) and 0.5 g of polyvinyl pyrrol-
idone (PVP) and ground using a polytron tissue grinder at 4 °C.
The mixture was centrifuged at 15,000 × g for 30 min at 4 °C,
and the supernatant was collected for enzyme analysis. One
milliliter of enzyme extract was incubated with 2 mL of borate
buffer (50 mmol L−1, pH 8.8) and 0.5 mL of L-phenylalanine
(20 mmol L−1) for 60 min at 37 °C. The reaction was stopped
with 0.1 mLof 6 mol L−1 HCl. The PAL activitywas determined by
the production of cinnamate, measured by the absorbance
change at 290 nm with a spectrophotometer (UV-160, Japan).
PPO and PODwere extracted according to the method of Chen et
al. [20]. Rice samples (3 g) from each treatment were homoge-
nizedwith 30 mLof 0.1 mol L−1 sodiumphosphate buffer (pH 6.4)
containing 0.5 g of PVP and ground at 4 °C. The homogenate was
centrifuged at 15,000 × g for 30 min at 4 °C, and the supernatant
was used for enzyme assays. The PPO activitywas determined by
adding 1 mL of enzyme preparation to 2 mL of catechol as
a substrate, and the change was measured immediately in
absorbance at 398 nm (A398). The activity was expressed as A398
per minute per milligram of protein. The POD activity was
determined using guaiacol as a substrate. The reaction mixture
consisted of 2 mL of crude extract, 1 mL of guaiacol, and 1 mL of
buffer. The reaction mixture was incubated at 30 °C for 30 min
before 1 mL of H2O2 was added. Absorbance was measured at
460 nm (A460). The activity of PODwas defined asA460 perminute
per milligram of protein [24].
2.5. Statistical analysis
Statistical analysis was performed with SPSS10.0 software for
multiple comparisons and correlation analyses. A value of
P < 0.05 was considered to be statistically significant.Table 1 – Primer sequences used in real time-PCR.
Gene Forward (5′–3′)
AOS2 CTCGTCGGAAGGCTGTTGCT
EDS1 CATTCCAAGAACGAGGACACTG
EIN2 CAAGGAACCAGTGACAACCA
LOX GCATCCCCAACAGCACATC
NPR1 TTTCCGATGGAGGCAAGAG
P450 TGCTGTATCATGGGAAACTAAA
PAD4 CCAACATGTACCGCATCAAG
PAL GCACATCTTGGAGGGAAGCT
PR1b GGCAACTTCGTCGGACAGA
OsActin CAGCACATTCCAGCAGAT
Actin TGTAAGCAACTGGGATGA3. Results3.1. Detection of RNA and reverse transcription products
1% Agarose gel electrophoresis and UV spectrophotometry
were used to detect the quality of the total RNA, and indicated
that the extracted RNA was suitable for reverse transcription.
The PCR amplified fragments of the target gene PAL showed
that the cDNAwas specific without background bands or false
positive amplification (Fig. 1).
3.2. Effect of SBPH feeding on expression of SA synthesis-related
genes in resistant and susceptible rice plants
PAL (phenylalanine ammonia-lyase), EDS1 (enhanced disease
susceptibility 1) and PAD4 (phytoalexin deficient 4) are the
major genes involved in the SA-synthesis pathway. The
relative expression level of PAL was significantly higher in
resistant Kasalath rice than in the susceptible Wuyujing 3
cultivar in response to SBPH feeding. The relative expression
level of PAL in rice at 12 hpi was 7.52 times greater than that in
untreated control rice at the same time point. PAL transcript
accumulation was far more rapid and peaked at higher levels
in Kasalath; the relative expression level was 49.63, 87.18,
57.36 and 75.06 times greater than that inWuyujing 3 at 24, 36,
48 and 72 hpi, respectively (Fig. 2). The relative expression
levels of EDS1 and PAD4 were also higher in Kasalath than in
Wuyujing 3 at 24 hpi (Fig. 2).
Meanwhile, theNPR1 (nonexpressor of pathogenesis-related
genes 1) is a key regulatory gene in SA-dependent SAR reaction.
The relative expression level of NPR1was remarkably higher in
Kasalath than inWuyujing 3 after SBPH feedingwith expression
of 6.47, 4.84, 8.92 and 5.49 times in Kasalath greater than that in
Wuyujing 3 at 12, 24, 36 and 72 hpi, respectively (Fig. 2).
Another gene, PR1b, encodes a pathogenesis-related protein
that inhibits growth, reproduction and communication of
pathogens in plants. The PR1b gene expression level was
significantly higher in susceptible Wuyujing 3 than in
resistant Kasalath after SBPH feeding. The relative expres-
sion of PR1b in Wuyujing 3 was 13.38, 89.82, 71.01 and 46.66
times greater than that in Kasalath at 24, 36, 48 and 72 hpi,
respectively (Fig. 2). The up-regulated PR1b gene expressionReverse (5′–3′)
ACGATTGACGGCGGAGGTT
CAAGACTCAAGGCTAGAACCGA
GCAGTCGTCTCCGCAGTTAG
AATAAAGATTTGGGAGTGACATA
GCTGTCATCCGAGCTAAGTGTT
AGTCATAGATAGCCAAGAGGGT
GGTTGTTTCGGTGGTAGTGG
GCGCGGATAACCTCAATTTG
CCGTGGACCTGTTTACATTTTCA
GGCTTAGCATTCTTGGGT
CCTTCGTAGATTGGGACT
Fig. 1 – Amplification specificity detection by electrophoresis. Lane M: DNA markers; lanes 1–12: amplification products of the PAL gene; lane 13: blank control.
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Fig. 2 – Expression analysis in terms of the relative expression levels of defense-related genes in rice Kasalath andWuyujing 3 at 12,
24, 36, 48 and 72 hpi by Real-time PCR. The PAL, EDS1 and PAD4 genes are themajor loci and corresponding proteins involved in the
SA-synthesis pathway.NPR1 is a key regulatory gene in SA-dependent systemic acquired resistance. PR1b is a pathogenesis-related
protein. LOX and AOS2 are two JA synthesis-related genes. EIN2 is a receptor gene of the ethylene signaling pathway.
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induced by the physical injuries caused by SBPH foraging.
The above results showed that SBPH feeding activated the
SA-dependent resistance pathway in Kasalath and that
the expression levels of PAL and NPR1 played key roles in
regulating resistance to SBPH.
3.3. Effect of SBPH infestation on expression of genes involved
in the JA/ET pathway
The expression levels of the JA synthesis-related genes LOX
(lipoxygenase) and AOS2 (allene oxide synthase 2) were lower
in the resistant cultivar Kasalath than in the susceptible
cultivar Wuyujing 3 after SBPH feeding. There was a signifi-
cant difference in transcription level at 36 hpi by the insect
when comparing Kasalath and Wuyujing 3. Furthermore,
the expression level was substantially lower in Kasalath at
subsequent time points.
The relative expression of LOX in Wuyujing 3 was 4.06,
4.17, 3.06 and 12.43 times greater than that in Kasalath at 24,36, 48 and 72 hpi, respectively. AOS2 transcript accumulation
was much greater in Wuyujing 3 and the relative expression
level was 4.63, 12.38, 22.72 and 60.72 times greater than that in
Kasalath at 36, 48 and 72 hpi with SBPH, respectively (Fig. 2).
Similarly, the relative expression level of P450 was higher in
Wuyujing 3 than in Kasalath (Fig. 2).
In addition, the expression level of the receptor gene EIN2
(ethylene insensitive 2) in the ethylene signaling pathwaywas
higher inWuyujing 3 than in Kasalath after SBPH feeding. The
relative expression of EIN2 in Wuyujing 3 was 2.55, 2.81 and
2.53 times greater than that in Kasalath at 36, 48 and 72 hpi,
respectively, which indicated that SBPH feeding induced
defense responses in the susceptible Wuyujing 3 rice associ-
ated with a JA/ET-dependent signaling pathway (Fig. 2).
3.4. Change in defense enzyme activity after SBPH feeding
The PAL activity in Kasalath was almost identical to that in
Wuyujing 3 without SBPH attack and increased in both after
SBPH feeding. The PAL activity in Kasalath rose gradually after
Table 2 – Enzyme activities in rice infested by SBPH for different time periods.
Feeding time (h) PAL (U g−1 FW) PPO (U g−1 FW) POD (U g−1 FW)
Kasalath Wuyujing 3 Kasalath Wuyujing 3 Kasalath Wuyujing 3
0 3.57 ± 0.12 d 3.32 ± 0.10 c 0.13 ± 0.05 b 0.12 ± 0.03 a 0.51 ± 0.03 f 0.47 ± 0.05 f
12 4.36 ± 0.10 c 3.55 ± 0.11 c 0.19 ± 0.06 ab 0.13 ± 0.03 a 1.02 ± 0.07 e 0.75 ± 0.04 e
24 6.18 ± 0.18 b 4.53 ± 0.18 ab 0.26 ± 0.06 a 0.16 ± 0.05 a 3.02 ± 0.08 d 1.05 ± 0.05 d
36 6.61 ± 0.30 a 4.78 ± 0.20 a 0.27 ± 0.08 a 0.16 ± 0.06 a 4.51 ± 0.11 c 1.81 ± 0.08 c
48 6.82 ± 0.26 a 4.36 ± 0.18 b 0.26 ± 0.04 a 0.15 ± 0.05 a 5.32 ± 0.16 b 2.62 ± 0.12 b
72 6.98 ± 0.33 a 4.27 ± 0.21 b 0.25 ± 0.06 a 0.12 ± 0.02 a 5.89 ± 0.10 a 3.02 ± 0.09 a
Values are means of three replications ± SD. Different lowercase letters indicate significant difference at the 5% levels in Duncan's tests.
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drastically from 12 to 36 hpi, and then increased smoothly and
was maintained at a high level. The PAL activity in Wuyujing 3
increased slightly at 12 hpi, significantly increased at 24 hpi,
reached its highest value at 36 hpi and then showed a smooth
trend of decline. The PAL activity in Kasalath was remarkably
higher than in Wuyujing 3 at all of the tested time points in
response to SBPH feeding (Table 2). These results indicated PAL
activity was induced in both rice accessions by SBPH infestation
but the rate and magnitude of increase in activity was signif-
icantly higher in Kasalath than inWuyujing 3.
SBPH feeding resulted at first in a gradual increase and then
a decrease in PPO activity in the two rice varieties. However, PPO
activity in Kasalath was significantly higher at 24 hpi than at
0 hpi. This activity reached a peak at 36 hpi and then decreased
slightly. Changes in PPO activity inWuyujing 3 were small after
SBPH feeding. There was no significant difference in PPO
activity between any of the time points (Table 2). PPO activity
in Kasalath was higher than in Wuyujing 3 at all of the time
points tested.
For the second enzyme, POD, activity rose significantly in
both Kasalath and Wuyujing 3 when infested by SBPH but the
rate and magnitude of increase in Kasalath was far greater
than in Wuyujing 3. There was no distinct difference in POD
activity between Kasalath andWuyujing 3 before SBPH attack.
POD activity increased quickly and maintained an increasing
trend in both genotypes when attacked by SBPH. Significant
differences in POD activity were detected between every pair
of time points (Table 2). The activity of POD in Kasalath was
higher than in Wuyujing 3 at every time point after SBPH
feeding, indicating that POD accumulation was remarkably
responsive and sensitive to SBPH infestation.
3.5. Correlation between enzyme activities and gene
expression levels
The expression level of the PAL gene was closely related to the
activities of the defense enzymes PAL, POD and PPO in the
resistant variety of rice, Kasalath, with high correlation coeffi-
cients (r) of 0.9051, 0.8687 and 0.7504, respectively. Similarly,
there was positive correlation between EDS1 gene expression
levels and PAL, POD and PPO enzyme activities inKasalath,with
r values of 0.5887, 0.7738 and 0.3248, respectively. However,
there was no relationship between the PAL expression level and
the enzyme activities of PAL, POD and PPO in the susceptible
Wuyujing 3 rice (r = −0.0662, −0.1682 and −0.1492, respectively).
In addition, there was a close correlation between POD enzymeactivity and the expression levels of the AOS2, EIN2 and LOX
genes inWuyujing 3 (r = 0.8688, 0.7980 and 0.6368, respectively).
These data indicated that the increased PAL, POD and PPO
activities were in accordance with the PAL gene expression
levels in Kasalath after SBPH infestation, which further con-
firmed that the inductionof PAL expressionplayed an important
role in the rice defense response against SBPH.4. Discussion
Plant defense responses against herbivores, pathogens and
mechanical wounding involve global changes in gene expression
mediated by multiple signaling pathways. These defense path-
ways aremainlymediated by smallmolecules such as SA, JA and
ET [8,25,26]. The genes associated with defense in plants are
activated by signaling molecules and then trigger resistance
when the plant is subjected to biotic and abiotic stresses [27].
SBPH, a typical phloem-feeding insect, sucks rice sap but causes
little physical injury to rice foliage and stems [28]. The SBPH
feeding mode is similar to that of fungal hyphae and nematode
mouthparts. Therefore, SBPH, similar to aphid and whitefly, can
also be regarded as a pathogen-like insect [7].
Furthermore, rice was considered likely to produce defense
responses to sucking insects similar to those induced by fungi
and nematodes [29,30]. Our results indicate that the expres-
sion of defense-related genes was triggered and then SA-
and JA/ET-dependent signaling pathways were activated
when rice was attacked by SBPH. The transcript level of
SA synthesis-related genes was significantly higher in
the resistant Kasalath than in the susceptible Wuyujing 3.
Accumulation of PAL, the key gene in the SA-dependent
pathway, was farmore rapid in Kasalath and its expressionwas
induced by SBPH challenge. The accumulation of LOX andAOS2,
the major genes involved in the JA/ET signaling pathway, was
much greater in Wuyujing 3 than in Kasalath. Therefore, we
believe that the SA-mediated signaling pathway in resistant
Kasalathwas activated by SBPH infestation and that PAL played
a key role in triggering the signal pathway.
The gene expression patterns involved in the SA-dependent
and JA/ET pathways in the resistant Kasalath and the suscep-
tible Wuyujing 3 genotypes used in this study were similar to
those in resistant Mudgo and susceptible Kittake, respectively
[31], suggesting the same defensemechanismswere likely to be
induced by SBPH infestation in these other rice varieties. In
another study involving antixenosis and antibiosis tests [21],
Kasalath and Mudgo were evaluated for the same resistance
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varieties were consistent with our hypothesis of activation of
defense gene expression.
Plants have evolved an efficient defense transduction
network against insect and pathogen attack. Plant defenses
are regulated differentially by cross-communicating signal
transduction pathways in which SA and JA play key roles
[32,33]. Cooperative interactions between signal response
pathways may be regarded as a means developed by plant
species to increase the number of distinct gene repertoires
that can be controlled by a limited set of signaling molecules
but in a differential manner and hence to increase behavioral
plasticity. In general, the SA-dependent signaling pathway
regulates the expression of a wide array of defense-response
genes and confers broad-spectrum pest or pathogen resis-
tance [34].
Activation of the SA pathway has been proven to be
important in both basal and resistance gene (R)-mediated
biotrophic pathogen defense in Arabidopsis thaliana, while
the JA/ET pathway is activated in response to necrotrophic
pathogens, feeding by tissue-damaging herbivores, and
wounding [35]. Potato responses to infestation by aphids, a
kind of sucking insect whose feeding behavior is similar to
SBPH, involve both SA and JA/ET plant defense signaling
pathways [36]. Another study showed that tomato leaves
rapidly accumulated high levels of SA after exposure to the
cotton bollworm, a type of chewing pest [10]. Plants are
usually exposed to insects and pathogens and hence have
developed resistance to simultaneous pathogen infection
and insect feeding. As insect damage can often increase the
risk of pathogen attack this coordination of plant responses
seems to make biological sense. In the long-term evolution-
ary process, the SA- and JA-mediated signal transduction
pathways have both been preserved [37]. Plants accurately
regulate the SA and JA signaling pathways by adjusting SA
and JA contents in order to resist stress more efficiently.
In this study, the transcription of the key genes PAL for
the SA synthesis pathway, as well as LOX and AOS2 for the
JA pathway, were significantly up-regulated compared with
their basal levels, which indicated two signaling pathways
were activated due to SBPH attack. The expression of PAL
dramatically increased in Kasalath after SBPH sucking, which
promoted synthesis of SA and then increased SA content.
Therefore, the SA mediated signaling pathway was the major
defense mechanism in resistant Kasalath, which was consis-
tent with the reports mentioned above [7,10,12,15,31]. How-
ever, the induction LOX and AOS2 in JA responsive pathway in
the susceptibleWuyujing 3 was somehow contradictory to the
findings reached by Zanate et al. [15] As mentioned above, the
JA/ET pathway usually induces genes whose protein products
have antimicrobial and antifungal activity and accumulate in
response to necrotrophic pathogens [38]. In a previous study,
we detected that wound healing was probably caused by some
substance secreted by a resistance rice variety, which then
protected the infected seedling. This substance was observ-
able with a scanning electron microscope (SEM) on epidermis
of resistant rice leaves infested by SBPH but not in the leaves
of a susceptible variety [39]. Non-healing wounds caused by
SBPH sucking in the susceptible genotype Wuyujing 3 might
have led to a large invasion of bacteria and fungi in thisgenotype that did not occur in Kasalath which healed its
wounds quickly. Themassive accumulation of microorganisms
in Wuyujing 3 was likely to significantly induce the expression
of LOX and AOS2 involved in JA-mediated signal pathway.
Therefore, we believed it was reasonable that the expression
quantity of LOX andAOS2 in JApathwaywashigher inWuyujing
3 than in Kasalath.
In conclusion, plants defend themselves from insect or
pathogen attack through a wide variety of mechanisms and
stimulated by many different biotic inducers [40]. Our results
showed that SBPH feeding induced biochemical defense re-
sponses in the rice varieties Kasalath and Wuyujing 3. The
activities of PAL, PPO and POD in Kasalathwere almost identical
to those in Wuyujing 3 when not infested by SBPH. These three
enzymes were induced distinctly by SBPH challenge and their
activities increased significantly. The combined action of these
defense enzymes may account for increased rice resistance
to SBPH. PAL is the first enzyme of the phenylpropanoid path-
way and is involved in the biosynthesis of phenolics, phyto-
alexins and lignins [17]. Our results indicated the increase in PAL
enzyme activity was consistent with the induction of PAL gene
expression after SBPH feeding. The resulting phenolics could
be oxidized by the action of PPO and POD to produce differently
colored phenolic complexes or compounds such as quinines
and even tannins [41]. PPO usually accumulates uponwounding
in plants [20]. POD, meanwhile, is involved in lignin-forming
plant defense responses and its activity is associated with
disease resistance in plants, and increases in host plants
following pathogen infection [42]. Overall, our results revealed
that the expression levels of the SA synthesis-related genes PAL,
NPR1, EDS1 and PAD4 and the activities of defense-related
enzymes such as PAL, POD, and PPO were highly induced in the
resistant Kasalath rice in response to SBPH feeding, suggesting
that the biosynthesis of salicylic acid, lignin, phenolic com-
pounds and phytoalexins may contribute greatly to rice
resistance mechanisms in the poorly studied rice–SBHP inter-
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